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A  methodology  for  investigating  cure  and  its  relationship  to  the 
development  of  morphology  and  transitions  for  rubber-modified  thermosetting 
systems  has  been  developed.  An  aromatic  tetrafunctional  diamine-cured  digly- 
cidyl  ether  of  bisphenol  A  epoxy  resin  [maximum  glass  transition  temperature 
•ftSgte*  »  1 6  7^C  ]  was  modified  separately  with  two  reactive  liquid  rubbers; 
i.e.,  a  prereacted  carboxyl-terminated  rubber  and  an  amino-terminated  rubber. 
In  order  to  develop  fully  cured  but  distinct  cure-dependent  morphologies,  the 
systems  were  cured  isothermally  at  different  temperatures  until  reactions 
ceased  and  then  were  postcured  by  heating  above The  maximum  glass  tran¬ 
sition  temperature  of  the  matrix  and  the  volume  fraction  of  dispersed  phase 
for  the  amino-terminated  rubber-modified  system  were  particularly  sensitive  to 


cure  conditions  in  consequence  of  complications  in  the  cure  chemistry. 


INTRODUCTION 


In  common  with  other  high  Tg  thermosets,  unmodified  cured  epoxy  resins 
are  brittle  materials.  The  crack  resistance  can  be  improved  by  the  addition 
of  reactive  liquid  rubber  to  uncured  neat  epoxy  systems  (J_-^).  In-situ  phase 
separation  occurs  during  cure;  the  cured  rubber-modified  epoxy  resins  con¬ 
sist  of  finely  dispersed  rubber-rich  domains  (~  0.1  -  5  ym)  bonded  to  the 
epoxy  matrix.  Improvement  of  fracture  energy  is  dependent  on  the  particle 
size,  volume  fraction,  and  size  distribution  of  the  dispersed  phase,  and  on 
the  chemical  structures  of  the  matrix  and  the  dispersed  phase  (4-14).  Shear 
deformation  (J2,^),  void  formation  (_6»_7 ) ,  crazing  ( 2s4 ) ,  and  rubber  tear  (9, 10) 
have  been  proposed  as  toughening  mechanisms. 

Cure  of  an  initially  homogeneous  solution  of  epoxy  resin/curing 
agent/rubber  generally  involves  the  sequential  processes  of  phase  separation, 
gelation,  and  vitrification.  During  cure,  phase  separation  of  the  rubber 
occurs  due  to  the  increase  of  molecular  weight  which  lowers  the  compatibility 
of  the  rubber  with  the  epoxy  system,  and  is  eventually  quenched  by  the  high 
viscosity  accompanying  gelation  or  vitrification  (5^.  The  development  of 
morphology  is  dependent  on  the  rates  of  nucleation  and  growth  of  the  dispersed 
phase,  compatibility  of  the  rubber,  and  the  rate  of  cure  reactions  (5,15). 
Since  these  factors  are  temperature-dependent,  cure  conditions  may  have  a  pro¬ 
found  effect  on  the  morphology  and  consequently  on  the  mechanical  behavior  of 
the  cured  resin.  Despite  the  potential  implications,  the  effect  of  cure  con¬ 
ditions  on  the  properties  of  rubber-modified  epoxies  has  scarcely  been 
studied.  If  a  range  of  morphologies  can  be  obtained  from  a  single  rubber- 


modified  epoxy  formulation  through  control  of  cure  conditions,  relationships 
between  mechanical  properties  and  morphology  may  be  better  understood. 

The  main  objective  of  this  report  is  to  discuss  the  cure  process  and  its 
relationship  to  the  development  of  morphology  and  transitions  for  two  rubber- 
modified  epoxy  systems  using  an  unmodified  neat  system  as  the  control  sample. 
The  effect  of  cure  conditions  on  the  mechanical  properties  for  the  cured  spe¬ 
cimens  is  discussed  in  a  complementary  paper  (16).  In  an  attempt  to  develop 
and  arrest  fully  cured  but  distinct  cure-dependent  morphologies,  the  systems 
were  cured  isothermally  at  different  temperatures  (T^^)  to  well  beyond  gela¬ 
tion  and  vitrification  and  then  were  postcured  by  heating  above  the  maximum 
glass  transition  temperature  (^Tg*)  of  the  system  to  complete  the  reactions  of 
the  matrix.  An  aromatic  tetrafunctional  diamine-cured  diglycidyl  ether  of 
bisphenol  A  ( DGEBA ) -type  epoxy  resin  was  selected  as  the  neat  system  because 
of  its  high  ETg«  (167°C).  The  two  rubbers  were  a  prereacted  carboxyl- 
terminated  rubber  and  an  amino-terminated  rubber,  both  being  made  from  the 
same  copolymer  of  butadiene  and  acrylonitrile  containing  17%  acrylonitrile. 

The  chemistry  of  cure  would  be  expected  to  be  the  same  for  the  neat  and 
prereacted  carboxyl -terminated  rubber -modified  systems,  whereas  competing  cure 
reactions  should  be  introduced  in  using  the  amino-terminated  rubber.  A  preli¬ 
minary  report  has  been  published  (17). 

A  methodology  for  understanding  and  comparing  cure  behavior  and 
properties  of  the  cured  state  for  rubber-modified  thermosets  has  been 
developed  in  this  work.  The  first  part  involves  monitoring  cure  by  torsional 
braid  analysis  (TBA )  to  give  gelation  and  vitrification  times  at  different 


cure  temperatures,  assessing  the  kinetics  of  phase  separation  by  complemen¬ 
tary  turbidity  measurements,  and  summarizing  the  data  in  a  time-temperature- 
transformation  (TTT)  isothermal  cure  diagram.  The  second  part  summarizes 


transition  temperatures  after  extended  isothermal  cure,  and  also  after  post¬ 
cure,  in  plots  of  transition  temperatures  versus  the  isothermal  cure  tem¬ 
perature.  The  third  part  involves  assessing  the  relative  amounts  of  dissolved 
and  phase-separated  rubber  from  the  depression  of  the  glass  transition  tem¬ 
perature  of  the  fully  cured  system  (gTgeo).  The  amount  of  the  phase-separated 
rubber  is  then  compared  with  that  obtained  from  morphological  examination 
using  transmission  electron  microscopy  (TEM).  In  the  current  work,  an 
apparent  inconsistency  in  the  amount  of  dissolved  versus  phase-separated 
rubber  for  the  amino-terminated  rubber -modified  system  led  to  considerations 
of  the  influence  of  time-temperature  cure  paths  on  the  chemistry  of  cure  of 
the  system. 


EXPERIMENTAL 

Materials 

The  chemical  structures  of  the  materials  are  shown  in  Figure  1 .  The 
base  resin  and  curing  agent  for  the  two  rubber-modified  epoxy  systems  were:  a 
diglycidyl  ether  of  bisphenol  A  (OGEBA)  resin  (DER  331,  Dow  Chemical  Co., 
epoxy  equivalent  weight  -  190  gm)  and  trimethylene  glycol  di-p-aminobenzoate 
( "TMAB" ,  i.e.,  Polacure  740M,  Polaroid  Corp. ,  NH  equivalent  weight  =  78.5  gm), 
respectively.  DER  331/TMAB  was  selected  because  of  the  high  Tg  of  the  fully 
cured  neat  system  {^Tgco  *  167°C)  and  the  nonvolatility  (m.p.  «  125°C;  b.p.  > 
250°C),  solubility,  and  health  characteristics  of  TMAB. 


-  5  - 

The  first  system,  denoted  OTK-293,  was  modified  with  a  commercial 
prereacted  carboxyl-terminated  butadiene-acrylonitrile  copolymer  containing 
17%  acrylonitrile  (AN)  content  ("K-293",  Spencer  Kellog  Co.,  epoxy  equivalent 
weight  -  340  gm).  The  K-293  rubber  had  been  made  by  reacting  a  carboxyl- 
terminated  rubber  (CTBNx8,  B.  F.  Goodrich  Chemical  Co.,  AN  content  «  17%,  COOH 
equivalent  weight  »  1850  gm)  with  excess  of  DGEBA  resin.  One  mole  of  K-293 
contains  approximately  0.44  mole  of  CTBNx8  rubber  and  0.56  mole  of  DGEBA 
resin.  The  second  system,  denoted  DTAxl6,  was  modified  with  a  commercial 
amino-terminated  butadiene-acrylonitrile  copolymer  containing  17%  AN  (ATBNxl6, 
B.  F.  Goodrich  Chemical  Co.,  NH  equivalent  weight  *  850  gm).  The  ATBNxl6 
rubber  had  been  made  by  reacting  the  CTBNx8  rubber  with 

N-( 2-ami noethyl) piperazine  (AEP)  (13).  The  ATBN  rubber  used  in  the  present 
work  contained  a  residual  amount  of  AEP  (3%  by  weight)  from  its  synthesis. 
Since  both  rubbers,  K-293  and  ATBNxl6,  were  made  from  the  same  CTHN  rubber, 

the  molecular  weights  and  the  Tg's  of  the  rubbers  are  approximately  the  same 
(Tg  2  -50°C).  The  formulations  for  the  neat  system  and  the  two  rubber- 

modified  epoxy  systems  containing  15  phr  of  rubber  are  tabulated  in  Table  I. 

Specimen  Preparation 

A  mixture  of  liquid  epoxy  resin  and  liquid  rubber  (for  modified  systems) 
was  heated  to  1 20°C  in  an  open  beaker  and  the  solid  curing  agent  was  added  and 
dissolved  with  the  aid  of  mechanical  stirring  for  5  minutes.  The  solution  was 
degassed  at  100°C  for  25  minutes  in  a  preheated  vacuum  oven  at  a  pressure  of 
about  1  torr.  A  small  part  of  this  degassed  mixture  was  dissolved  in  methyl 


’is'Zvio. 
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ethyl  ketone  in  a  volume  ratio  of  1  to  4  for  the  TBA  experiments.  The  main 


batch  of  the  degassed  mixture  was  then  poured  into  a  preheated  (at  Tcure)  mold 
[pre-coated  with  a  release  agent  (QZ  13,  Ciba-Geigy  Chemical  Co.)  (18) ] ,  and 
cured  in  an  air  oven  to  prepare  a  casting  (220  x  220  x  6  mm)  for  morphological 
and  mechanical  studies  (16).  The  open  end  of  the  mold  was  sealed  with  a  plug 
made  of  silicone  rubber  (RTV,  General  Electric  Co. )  in  an  attempt  to  minimize 
eiqposure  to  air  during  cure. 

After  prolonged  isothermal  cure,  TBA  specimens  were  postcured  by  heating 
to  and  from  240°C  at  a  rate  of  1.5°C/minute  (see  later).  In  contrast,  the 
casting  was  postcured  by  heating  the  mold  from  the  cure  temperature  to  1 ' 
at  1.5°C/minute  and  holding  at  170°C  for  5  hours.  Values  of  the  maximum  < 
transition  temperature  (ETg«>)  obtained  from  strip  specimens  (16),  which  hac 
been  machined  from  the  casting,  were  the  same  as  those  obtained  from  the  TBA 
experiments.  This  indicates  that  the  casting  had  been  fully  cured  by  the 
postcure  step.  The  morphology  of  the  cured  specimens  was  not  expected  to  be 
altered  by  the  postcure  process  because  the  cure  reactions  had  proceeded  to 
well  beyond  gelation,  and  a  slow  heating  rate  had  been  used  in  postcuring. 

Torsional  Braid  Analysis  (TBA) 

The  transformation  of  a  liquid  epoxy  formulation  to  solid  thermoset 
polymer  during  the  process  of  cure  was  monitored  using  a  composite  specimen  in 
an  automated  torsional  pendulum  instrument  [Torsional  Braid  Analysis  (TBA), 
Plastics  Analysis  Instruments,  Inc.]  (19, 20).  The  specimen  was  an  inert 


multifilamented  glass  braid  impregnated  with  the  reactive  liquid.  The  pen¬ 
dulum  was  intermittently  set  into  motion  to  generate  a  series  of  freely  damped 
waves  with  a  natural  frequency  of  0.05-5  Hz.  The  change  of  material  behavior 
of  the  specimen  was  monitored  as  a  function  of  time  and/or  temperature  by 
measuring  two  dynamic  mechanical  properties/  relative  rigidity  and  logarithmic 
decrement,  obtained  from  the  frequency  and  decay  constants  that  characterize 
each  wave.  The  relative  rigidity  [(l/P^),  where  P  is  the  period  in  seconds)] 
is  directly  proportional  to  the  in-phase  portion  of  the  shear  modulus  (G1); 
the  logarithmic  decrement  [A  *  In  (Ai/Ai+i),  where  A^  is  the  amplitude  of  the 
ith  oscillation  of  a  freely  damped  wave]  is  directly  proportional  to  the  rati' 
of  the  out-of-phase  portion  of  the  shear  modulus  (G“)  to  G'  (A  =  irG"/G'  * 
xtan$,  where  $  is  the  phase  angle  between  the  stress  and  strain).  At  a 
selected  temperature  (T^^),  the  specimen  was  cured  until  reactions  were 
essentially  quenched  as  indicated  by  the  leveling  off  of  the  rigidity  curve 
(although  changes  were  still  occurring  in  the  mechanical  damping). 
Transformations  associated  with  changes  of  one  state  to  another  during  cure 
were  identified  by  the  time  of  maxima  (and  the  associated  frequencies)  in  the 
logarithmic  decrement  plot.  After  prolonged  isothermal  cure,  the  dynamic 
mechanical  spectrum  of  a  cured  specimen  was  obtained  on  cooling  from  Tcure  to 
-170°C  and  heating  to  240°C  at  a  rate  of  1. 5°C/minute.  A  subsequent  scan  from 
240  to  -170®C  was  considered  to  provide  the  spectrum  of  the  fully  cured  speci¬ 
men.  Transition  temperatures  were  identified  by  the  temperature  of  maxima 
(and  the  associated  frequencies)  in  the  logarithmic  decrement  plot  during  a 
temperature  scan.  All  the  TBA  experiments  in  the  present  work  were  performed 


in  helium 


Turbidity  Study 


In-situ  phase  separation  was  monitored  from  changes  in  light 
transmission  through  a  sample  consisting  of  a  degassed  epoxy  formulation  in  a 
capillary  glass  tube  (Z.D.  1  mm)  sandwiched  between  two  heated  copper  blocks. 
The  light  beam  was  a  He-Ne  laser  (X  ■  632.8  nm,  0.95  mW;  beam  diameter  ~  1 
mm).  The  signal-to-noise  ratio  was  amplified  using  a  lock-in  detection  device 
( 21 )  which  consists  of  a  chopper  (Princeton  Applied  Research  Co.:  Model  191, 
chopping  frequency  =  200  Hz )  and  a  lock-in  amplifier  (Princeton  Applied 
Research  Co.:  Model  121).  Die  chopper  was  placed  between  the  laser  and  the 
sample.  .  The  intensity  of  light  transmitted  through  the  sample,  which  was 
monitored  by  a  photodiode  (Silicon  Detector  Co.:  Model  SD-444-11-11-171)  con¬ 
nected  to  the  lock-in  amplifier,  was  recorded  on  an  X-Y  strip  chart  recorder. 
The  light  transmission  set-up  was  covered  by  black  cloth  to  minimize  stray 
light  from  the  background. 

The  initial  mixtures  of  the  two  rubber-modified  systems  were  optically 
clear  within  the  cure  temperature  range  (from  100  to  200°C),  indicating  that 
each  of  the  two  rubbers  was  compatible  with  the  neat  epoxy  system  at  the 
beginning  of  cure.  During  cure,  increase  of  molecular  weight  of  the  system 
lowered  the  compatibility  of  the  rubber,  and  the  mixture  turned  from  optically 
clear  to  cloudy.  The  cloud  point,  which  was  defined  as  the  first  indication 
of  decrease  of  light  intensity  transmitted  through  the  sample,  was  taken  to  be 
the  onset  of  phase  separation.  The  end  of  phase  separation  was  indicated  by 
the  leveling  off  of  the  light  transmission  curve.  The  light  transmitted 
through  the  sample  was  constant  throughout  cure  for  the  neat  system. 


Morphological  Study 

Morphologies  of  cured  specimens  were  examined  by  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM).  Hie  SEM 
micrographs  were  obtained  from  the  fracture  surfaces  of  cured  specimens 
which  had  been  coated  with  a  thin  layer  (»■  600  A)  of  gold  using  a  high  vacuum 
sputterer.  The  TEM  micrographs  were  obtained  from  specimens  which  had  been 
stained  with  osmium  tetraoxide  and  microtomed  at  room  temperature.  The  osmium 
tetraoxide  reacted  with  the  unsaturated  double  bonds  of  the  rubber  molecules 
and  the  rubbery  domains  appeared  as  black  sections  in  the  TB4  micrographs. 

Two  analytical  methods  were  used  to  convert  the  distribution  of  the  sections 
in  the  TEM  micrographs  to  the  corresponding  distribution  of  particles,  from 
which  the  volume  fraction  and  mean  diameter  of  the  particles  were  calculated. 
The  first  method  (Schwartz-Saltykov’s)  (22)  is  based  on  the  distribution  of 
section  diameters  in  the  TEM  micrographs.  The  second  method  (Spektor's)  (22) 
is  based  on  the  distribution  of  chord  intercept  lengths  along  random  straight 
lines  drawn  in  the  TEM  micrographs.  In  general,  good  overall  agreement  is  to 
be  expected  from  using  the  two  methods;  however,  the  details  of  the  results 
may  differ  because  of  the  inherent  differences  in  the  analyses  (22).  Twenty 
to  thirty  TEM  micrographs  were  examined  for  each  cure  condition. 


RESULTS  AND  DISCUSSION 


Transformations  from  liquid-to-rubber  and  rubber-to-glass  were  measured 
by  gelation  and  vitrification  times,  respectively.  Representative  isothermal 
TBA  cure  spectra  from  low  to  high  temperatures  of  cure  (100  to  200eC)  of  DER 
331/TMAB  are  shown  in  Figure  2. 

At  low  cure  temperatures  three  events  are  apparent  in  the  logarithmic 
decrement  as  is  demonstrated  by  the  100  and  120eC  isothermal  cure  spectra. 

The  first  peak  has  been  designated  as  gelation  (liquid-to-rubber 
transformation),  and  generally  corresponds  to  the  onset  of  insolubility  (which 
accompanies  the  incipient  formation  of  the  crosslinked  network)  as  measured 
in  gel  fraction  experiments  (23).  Bie  shoulder  before  the  gelation  peak 
(which  is  less  apparent  at  higher  temperatures)  has  been  attributed  to  an  iso- 
viscous  event  which  is  due  to  the  interaction  of  the  liquid  and  the  braid  in 
the  TBA  experiment  ( 19 ),  and  so  will  not  be  considered  further  in  the  present 
communication.  The  second  peak  in  the  logarithmic  decrement,  which  is  located 
in  the  middle  of  the  rubber-to-glass  transition  region  as  indicated  by  the 
relative  rigidity  plot,  has  been  designated  as  vitrification  (rubber-to-glass 
transformation)  (19).  Physically,  the  vitrification  peak  in  the  TBA  isother¬ 
mal  cure  spectrum  corresponds  to  the  state  at  which  the  glass  transition  tem¬ 
perature  <ETg)  of  the  epoxy  resin  has  risen  to  Tcure  (14,23).  Beyond  gelation 
and  approaching  vitrification,  the  increases  in  the  crosslink  density  and 
average  molecular  weight  cause  a  reduction  of  molecular  mobility  and  chemical 
reactivity,  and  so  the  reactions  of  the  epoxy  system  become  diffusion 
controlled.  Eventually,  the  reactions  are  quenched  when  the  resin  has  become 
a  glass:  this  is  demonstrated  by  the  continuous  increase  and  the  subsequent 


leveling  off  of  the  relative  rigidity  plot  (modulus)  beyond  the  vitrification 
peak.  The  glass  transition  temperature  has  then  risen  to  a  temperature  Tcure 
+  6T.  The  difference  (6T)  between  gTg  of  the  isothermally  cured  resin  and 
TCUre  arises  from  the  distinction  between  the  quenching  of  chemical  reactions 
and  the  particular  method  of  measurement  of  both  £Tg  and  vitrification  (24). 

It  should  be  noted  that  6T  is  itself  a  function  of  Tcure  (see  later)  and  of 
time  at  Tcure.  If  Tcure  is  higher  than  the  maximum  glass  transition  tem¬ 
perature  (ETg«°)  of  the  DER  331/TMAB  epoxy  system  (E^g*  =  167°C)  vitrification 
cannot  occur  and  only  the  gelation  peak  is  observed,  as  in  the  170  and  200°C 
isothermal  cure  spectra;  therefore,  reactions  of  the  epoxy  resin  will  not  be 
quenched.  Completion  of  the  reactions  can  only  be  attained  at  temperatures 
above  (ETg«>  _  $t)j  £n  contrast,  reactions  will  be  quenched  if  Tcure  is  below 
(ETg«  -  6T) . 

Gelation  and  vitrification  times  of  the  DER  331/TMAB  epoxy  system  at 
different  cure  temperatures  are  presented  in  Figure  3  in  the  form  of  a  time- 
temperature-transformation  (TTT)  isothermal  cure  diagram  (19,23).  It  should 
be  noted  that  the  TTT  diagrams  presented  in  this  work  have  not  taken  into 
account  the  changes  which  occurred  during  the  preparation  of  the  specimens 
(i.e.  1 20°C  for  5  minutes  and  100*C  for  25  minutes).  The  TTT  diagram  shows 
that  the  gelation  and  vitrification  curves  cross  at  75#C  (the  value  of  which 
was  obtained  from  the  intersection  of  the  log  time  versus  1/T  plots  for  gela¬ 
tion  and  vitrification).  The  temperature  at  which  times  to  reach  gelation  and 
vitrification  are  the  same  has  been  denoted  as  gelTg  H9).  If  Tcure  belw 
(gelTg  “  6T)  but  above  (ETgo  ”  $T)  lETgo  “  Tg  of  the  initial  resin)  the  resin 


will  not  gel  on  cure  but  will  vitrify  to  form  an  ungelled  thermoplastic  glass 
of  lew  molecular  weight.  ETgo  for  the  DER  331/1MAB  epoxy  system  is  2°C  as 
determined  from  a  TBA  thermomechanical  spectrum.  If  Tcure  is  between  (geiTg  - 
6T)  and  gTg,,,  the  resin  will  gel  to  form  a  gelled  glass.  However,  if  Tcure  is 
above  ^Tgo,,  the  resin  gels  to  form  a  gelled  rubber  but  does  not  vitrify  at  the 
temperatures  of  cure  (as  discussed).  The  vitrification  curve  in  TTT  isother¬ 
mal  cure  diagrams  is  generally  S-shaped,  with  ETg®  and  ETgo  as  the  upper  and 
lower  boundaries,  respectively  (19).  The  time  to  vitrify  reaches  a  minimum  at 
a  Tcure  just  below  ETgoo  because  of  the  competing  effects  of  increasing  reac¬ 
tion  rate  constant  and  increasing  extent  of  conversion  for  vitrification  with 
increasing  temperature.  In  contrast,  the  time  to  vitrify  reaches  a  maximum  at 
a  Tcure  just  above  ETgo  because  of  the  competing  effects  of  decreasing  visco¬ 
sity  and  increasing  reactivity  with  increasing  temperature.  In  the  present 
work  for  the  DER  331/TMAB  epoxy  system,  only  the  upper  part  of  the  S-shaped 
vitrification  curve  in  the  TTT  isothermal  cure  diagram  has  been  obtained 
experimentally  because  of  the  low  reactivity  of  the  neat  system  at  low  tem¬ 
perature.  However,  ETgo  was  measured  directly  in  a  temperature  scan.  In 
principle,  the  S-shaped  vitrification  curve  and  the  gelation  curve  can  be  com¬ 
puted  from  the  reaction  kinetics,  the  conversions  at  gelation  and  vitrifica¬ 
tion,  and  the  physical  parameters  of  the  system  (sTgo'  ETg«  and  gelTg)  which 
are  dependent  on  the  chemical  structure  of  the  reactive  constituents  of  the 

system  (23). 

Representative  TBA  thermomechanical  spectra,  obtained  after  prolonged 
isothermal  cure  (100  to  200°C),  are  shown  in  Figure  4.  Thermomechanical 
spectra  were  obtained  on  cooling  from  Tcure  to  -170°C  and  heating  to  240°C. 


If  Tcure  is  below  (glga,  -  6T),  the  partially  cured  resin  can  be  postcured  at 
higher  temperatures  and  a  subsequent  scan  from  240  to  -170°C  is  considered  to 
provide  the  spectrum  of  the  fully  cured  resin.  Three  relaxations  are  obser¬ 
ved:  the  glass  transition  (gTg)  at  higher  temperatures,  a  subzero  secondary 
transition  (ET8ec)  [which  has  been  attributed  to  the  motion  of  the 
-CH2-CH(OH)-CH2“0-group  in  the  epoxy  ( 25 )  ] ,  and  a  weak  one  below  -100#C.  The 
maximum  values  of  gTg  and  ETsec  obtained  after  heating  to  240°C  for  the  DER 
331/TMAB  system  were  167°C  (gTga,)  and  -39°C  (ETgec® )»  respectively.  Both  ETg0 
and  ETsec«<>  are  independent  of  Tcure,  whereas  ETg  and  ET8ec  increase  with 
TCUre  (Figure  5).  For  Tcure  <<  £Tg<»»  the  values  of  ETg  after  cure  at  Tcure 
are  about  20°C  higher  than  T^^.  The  measured  difference  (ETg  -  Tcure) 
varies  with  epoxy  systems  (26,27). 

It  is  noteworthy  that  the  relative  rigidity  plot  for  a  fully  cured  spe¬ 
cimen  crosses  over  that  for  the  partially  cured  specimen:  this  is 
demonstrated  in  Figure  4a  for  the  100  and  120°C  cured  specimens.  This  implies 
that  the  modulus  at  room  temperature  (which  is  below  the  crossover  tem¬ 
perature  )  for  a  cured  specimen  is  lower  the  higher  the  ETg  and  extent  of  con¬ 
version  (crosslinking  density).  For  other  high  Tg  epoxy  systems,  the  decrease 
in  room  temperature  (RT)  modulus  with  increasing  extent  of  cure  is  paralleled 
by  corresponding  decreases  in  RT  density,  and  increases  in  RT  equilibrium 
levels  of  absorbed  water  (19,28).  A  common  basis  for  these  interrelated  phe¬ 
nomena  (28)  is  the  increasing  free  volume  at  RT  with  increasing  extent  of  cure 


The  rubber  used  in  this  system  is  a  commercially  available  prereacted 
carboxyl-terminated  rubber  copolymer  of  butadiene  and  acrylonitrile.  The  cure 
chemistry  of  the  DTK-293  and  neat  systems  are  expected  to  be  similar  since  the 
reactive  functional  end  groups  are  the  same.  Representative  TBA  isothermal 
cure  spectra  from  low  to  high  temperatures  of  cure  (100  to  200°C)  are  pre¬ 
sented  in  Figure  6.  As  for  the  neat  system,  the  isothermal  cure  spectra  of 
the  DTK-293  system  displayed  gelation  and  vitrification  peaks,  the  times  of 
which  are  summarized  in  the  form  of  a  TTT  isothermal  cure  diagram  (Figure  7). 
The  initial  glass  transition  temperatures  of  the  DTK-293  and  the  neat  systems 
were  the  same  (i.e.  etco  *  2°C).  Since  the  lowest  temperature  of  cure  was 
100°C,  only  the  upper  part  of  the  TTT  diagram  is  shown.  For  comparison,  the 
corresponding  part  of  the  TTT  diagram  for  the  neat  system  is  also  included. 

In  general,  the  TTT  diagram  for  the  DTK-293  system  follows  the  same  pattern  as 
that  for  the  neat  system.  The  times  to  gelation  and  activation  energy  of 
gelation  (AE),  obtained  by  plotting  the  gelation  times  in  an  Arrhenius  manner 
(not  shown),  are  also  similar  for  the  two  systems.  The  activation  energy  of 
gelation  for  the  DTK-293  system  was  found  to  be  14.2  kcal/mole  compared  to 
14.1  kcal/mole  for  the  neat  system.  However,  the  values  of  gTg,,  for  the 
DTK-293  system  are  not  constant  and  are  represented  by  a  shaded  band  in  the 
TTT  diagram,  the  width  of  which  represents  the  range  of  sTg.  due  to  different 
cure  conditions. 

The  light  transmission  results  are  included  in  the  TTT  isothermal  cure 
diagram  (Figure  8).  The  time  for  onset  of  phase  separation  (cloud  point) 


decreases  with  increase  of  a  line  denoting  90%  decrease  of  the  initial 

light  intensity  is  also  included  to  provide  an  estimate  of  how  rapidly  the 
morphology  develops:  most  of  the  phase  separation  of  the  dispersed  phase 
occurred  well  before  gelation,  although  some  changes  were  observed  afterwards 
as  has  been  reported  (20, 31 ). 

Representative  thermomechanical  spectra  (Figure  9)  show  four  relaxation 
processes  in  the  logarithmic  decrement  plots:  a  high  temperature  relaxa¬ 
tion  associated  with  Tg  of  the  epoxy  matrix  (gTg);  a  broad  relaxation  at  about 
-40°C;  a  relaxation  at  about  -50°C  associated  with  the  Tg  of  the  rubbery  phase 
(R<j.g) ;  and  one  below  RTg*  It  is  difficult  to  correlate  the  volume  fraction  of 
the  rubbery  phase  with  the  intensity  of  the  relaxation  associated  with  RTg  as 
in  other  reports  (4,5,32)  because  of  the  overlapping  of  RTg  with  other  pro¬ 
cesses.  The  RTg  loss  peaks  were  found  to  be  located  at  or  below  the  Tg  of 
the  unreacted  liquid  rubber  even  though  the  rubber  in  the  dispersed  phase  was 
chemically  combined  with  the  epoxy  resin.  The  suppression  of  RTg  is  presu¬ 
mably  a  consequence  of  the  triaxial  stresses  induced  on  the  rubbery  domains 
resulting  from  differences  of  thermal  expansion  coefficients  of  the  two 
phases  ^5 ) . 

Values  of  jjTg,  and  gTgV  versus  Tcure  for  the  DTK-293  and  neat  systems 
are  shown  in  Figure  1 0  and  are  included  in  Table  II.  Values  of  gTgo,  for  the 
rubber-modified  system  were  lower  than  that  for  the  neat  system  by  4  to  6°C. 
The  decrease  of  gTgoo  for  cured  rubber-modified  epoxy  systems  is  considered  to 
arise  from  incomplete  phase  separation;  the  dissolved  rubber  plasticizes  the 
epoxy  matrix.  In  principle,  the  amount  of  rubber  dissolved  versus  phase- 


separated  can  be  determined  from  the  values  of  gTg»  of  the  rubber-modified 
and  the  neat  systems,  and  the  Tg  of  the  rubber,  if  it  is  assumed  that  the  che¬ 
mical  structures  of  the  epoxy  matrices  for  the  two  systems  are  similar.  In 
the  present  work,  the  Fox  equation  (33)  was  used  to  estimate  the  amount  of 
dissolved  rubber: 


T  T  +  T 
gm  gl  g2 


where  Tgm  -  ETg»  of  the  rubber -modified  epoxy  matrix 
Tgi  =  ETgo°  of  the  neat  system 

Tg2  *  Tg  of  the  unreacted  rubber  (200  K  »  -50°C) 

Wi,  W2  *  weight  fractions  of  epoxy  and  rubber  in  the  rubber- 
modified  epoxy  matrix,  respectively. 

The  weight  fraction  of  the  phase-separated  rubber  was  obtained  from  the  mass 
balance  of  W2  calculated  from  the  above  equation  and  the  rubber  used  in  the 
formulation  (WQ  *  9.68%).  The  weight  fraction  was  converted  to  volume  frac¬ 
tion  of  phase-separated  rubber  from  the  densities  of  the  rubber  (0.948 
gm/c.c. )  and  the  fully  cured  neat  epoxy  specimen  (1.218  gm/c.c. ).  The  volume 
fraction  of  the  dispersed  phase  (Vf*'  was  then  obtained  from  the  calculated 
phase-separated  rubber  by  assuming  each  rubber  molecule  was  capped  with  two 
epoxy  monomers  in  the  dispersed  phase.  The  values  of  the  volume  fraction  of 
the  dispersed  phase  determined  from  the  decrease  of  ETg«  (Table  III)  were 
similar  to  those  determined  from  TEM  micrographs  (see  later). 


Values  of  gTga,  for  the  rubber-modified  DTK-293  system  appeared  to  be 
only  slightly  dependent  on  cure  conditions  (Figure  10)  varying  from  163°C  when 
cured  at  100°C  to  161*C  when  cured  at  200°C.  The  narrow  range  of  ^Tg^ 
suggests  that  the  extent  of  phase  separation  was  insensitive  to  cure  con¬ 
ditions.  This  is  confirmed  by  the  TEM  micrographs  of  the  100  (Figure  11a)  and 
200°C  (Figure  11b)  cured  specimens.  The  volume  fractions  of  the  dispersed 
phase  (Vf)  for  the  two  specimens  were  approximately  the  same  (Vf  -  0.11  for 
1 00°C  and  Vf  -  0.13  for  200°C)  according  to  both  Schwartz-Saltykov's  diameter 
(22)  and  Spektor's  chord  methods  (22)  (Table  III),  although  the  size  distribu¬ 
tions  for  the  two  specimens  were  different.  Both  methods  revealed  that  the 
100  and  200°C  cured  specimens  displayed  a  unimodal  distribution  of  particle 
size;  and  that  the  mean  diameter  (d)  of  the  particles  for  the  100°C  cured  spe¬ 
cimen  was  smaller  than  that  for  the  200#C  cured  specimen  (Table  III).  The 
size  distributions  of  the  two  specimens  obtained  by  using  Schwartz-Saltykov's 
diameter  method  are  shown  in  Figure  12.  The  variation  of  domain  sizes  with 
cure  conditions  is  caused  presumably  by  the  effect  of  temperature  on  the  rates 
of  nucleation  and  growth  of  the  dispersed  phase  (5,  _1J5).  At  low  temperatures 
of  cure,  high  nucleation  rate  and  high  viscosity  (low  growth  rate)  will  pro¬ 
bably  give  rise  to  a  system  with  smaller  but  more  numerous  particles.  On  the 
other  hand,  low  nucleation  rate  and  low  viscosity  (high  growth  rate)  at  high 
temperatures  of  cure  will  give  rise  to  a  system  with  larger  but  less  numerous 
particles. 

The  apparently  higher  value  of  mean  diameter  (d)  of  the  particles  for 
the  200°C  cured  specimen  determined  by  Spektor’s  method  (Table  III)  may  be  a 


consequence  of  the  underestimation  of  the  percentage  of  smaller  particles, 
since  smaller  sections  are  less  likely  to  be  intersected  than  larger  sections 
by  straight  lines  drawn  across  the  TEX  micrographs.  The  problem  is  more  acute 
for  the  200°C  cured  specimen  because  of  its  wide  range  of  particle  sizes 
(Figure  12). 

3.  Amino-Terminated  Rubber-Modified  Epoxy  System  (DTAxI 6) 

The  rubber  used  in  this  system  is  a  commercially  available  amino- 
terminated  liquid  rubber  copolymer  of  butadiene  and  acrylonitrile.  The  ATBN 
rubber  usually  contains  a  residual  amount  of  N-(2-aminoethyl)piperazine  (AEP) 
since  it  is  made  by  reacting  a  CTBN  rubber  with  AEP  (13).  The  AEP  content  for 
the  sample  of  ATBN  rubber  used  in  the  present  work  was  estimated  to  be  about 
3%  by  weight.  This  value  was  obtained  from  information  provided  by  the  manu¬ 
facturer  on  the  NH  equivalent  weights  of  the  residue-free  ATBN  molecule  (•'• 

1900  gm/NH  eq.  ),  AEP  (~  43  gm/NH  eq. ),  and  the  ATBN  rubber  with  its  residual 
AEP  (~-  850  gm/NH  eq.). 

Representative  isothermal  TBA  cure  spectra  from  low  to  high  temperatures 
(100  to  200°C)  for  the  DTAxl6  system  are  presented  in  Figure  13.  The  times 
to  gelation  and  vitrification  for  the  DTAxl6  system  and  the  neat  system  are 
summarized  in  Figure  14  in  the  form  of  a  TTT  isothermal  cure  diagram.  ETgo  of 
the  DTAxl6  system  was  2°C,  just  as  for  the  neat  and  DTK-293  systems.  In 
contrast  to  the  DTK-293  system,  the  times  to  gelation  and  the  activation 
energy  (AE)  of  gelation  for  the  DTAxl6  system  differed  significantly  from 
those  for  the  neat  system.  The  times  to  gelation  were  decreased  by  the  pre- 


sence  of  the  ATBN  rubber,  especially  at  low  temperatures.  The  activation 
energy  of  gelation  for  the  DTAxl6  system  was  found  to  be  10.2  kcal/mole  com¬ 
pared  to  14.1  kcal/mole  for  the  neat  system,  and  14.2  kcal/mole  for  the 
DTK-293  system.  Furthermore,  values  of  ETg*  *or  DTAxl6  system  were  sen¬ 
sitive  to  the  conditions  of  cure  as  is  indicated  by  the  wide  shaded  band  in 
the  TTT  diagram.  The  results  of  light  transmission  experiments  in  relation  to 
the  times  for  gelation  and  vitrification  for  the  DTAxl6  system  are  shown  in 
Figure  15.  Most  of  the  phase  separation  occurred  well  before  gelation  but,  as 
was  observed  for  the  DTK-293  system,  did  not  cease  until  after  gelation. 

The  thermomechanical  spectra  obtained  after  prolonged  cure  at  different 
isothermal  temperatures  (Figure  16)  show  four  relaxation  processes  in  the 
logarithmic  decrement  plots:  a  high  temperature  relaxation  associated  with 
j?Tg;  a  broad  relaxation  at  about  -40°C;  a  relaxation  at  about  -50°C  associated 
with  RTg,  and  one  below  RTg.  The  values  of  ETg  and  ver8US  Tcure  are 

included  in  Figure  17  and  Table  II,  together  with  data  for  the  neat  system. 

The  values  of  ETg«  we*®  found  to  range  from  125°C  when  cured  at  100°C  to  148°C 
when  cured  at  200°C.  In  comparison,  the  value  of  £Tg<B  for  the  neat  system  was 
167°C  which  was  independent  of  the  isothermal  temperature  of  cure.  To  cause  a 
reduction  of  £Tg(B  equivalent  to  42°C  (from  167  to  125#C)  for  the  100°C  cured 
specimen  would  require  the  epoxy  matrix  to  contain  10%  of  rubber  by  weight  as 
estimated  by  the  Fox  equation  (33).  However,  the  initial  formulation  for  the 
DTAxl6  system  only  contained  9.7%  of  rubber  by  weight  and  yet  the  volume  frac¬ 
tion  of  phase-separated  rubber  appeared  to  be  very  high  (see  later  and  Table 
III).  This  indicated  that  the  large  decrease  of  ETg«  for  the  0TAxl6  system 


could  not  be  caused  by  the  dissolved  rubber  alone.  TQ4  micrographs  of  a  100°C 


cured  specimen  (Figure  18a)  and  a  200°C  cured  specimen  (Figure  18b)  showed 
that  the  100°C  cured  specimen  had  a  much  higher  volume  fraction  of  dispersed 
phase  (Vf)  than  the  200*C  cured  specimen  (see  Table  III)  despite  the  ^Tg^  for 
the  former  specimen  being  much  lower.  Furthermore,  the  volume  fraction  of  the 
dispersed  phase  of  the  DTAxl6  system  (both  100  and  200*0  was  measured  to  be 
higher  than  for  the  DTK-293  specimens,  although  the  values  of  ETg®  for  the 
former  specimens  were  much  lower  than  for  the  latter  specimens. 

It  is  recognized  that  certain  aliphatic  amines  promote  homopolymeriza¬ 
tion  of  epoxy  resins  (34)  and  in  fact,  DGEBA-type  epoxy  resin  can  be  cured  at 
room  temperature  with  commercial  ATBN  rubber  if  more  than  50  phr  of  ATBN 
rubber  is  used  (13).  In  order  to  study  the  level  of  reactivity  of  ATBN  rubber 
in  the  DTAxl6  system  in  the  absence  of  TMAB,  15  phr  of  the  commercially 
available  ATBN  rubber  was  mixed  with  100  phr  of  DER  331  at  50°C  and  the  mix¬ 
ture  was  heated  at  200°C  for  two  hours.  TCie  Tg  of  the  mixture  increased  by  62°C 
(from  -12  to  50°C)  as  determined  from  TBA  thermomechanical  spectra  obtained 
before  and  after  cure.  A  sample  of  ATBN  rubber  with  negligible  residual  AEP 
content  (NH  equivalent  weight  -  1900  gra,  supplied  by  the  B.  F.  Goodrich 
Chemical  Co.)  was  also  examined.  The  Tg  of  the  mixture  of  100  phr  DER  331/15 
phr  residue-free  ATBN  rubber  was  found  to  increase  by  23*C  (from  -12  to  11°C) 
after  cure  at  200°C  for  two  hours.  The  chemistry  of  cure  for  the  DTAxl6 
system  is  therefore  more  complex  than  that  for  the  neat  system.  The  latter  is 
considered  to  involve  a  stoichiometric  reaction  between  epoxy  and  NH  end 
groups.  In  contrast,  homopolymerization  of  DER  331,  reactions  between  the  NH 


end  groups  of  the  ATBN  and  DER  331,  AEP  and  DER  331,  and  TMAB  and  DER  331  can 
all  occur  competitively  for  the  DTAxl6  system.  The  differences  in  cure 
chemistry  between  the  DTAxl6  and  neat  systems  were  reflected  in  the  reaction 
kinetics  by  the  times  of  gelation  (Figure  14)  and  the  activation  energies  of 
gelation  for  the  two  systems.  Epoxy  networks  formed  by  stoichiometric  reac¬ 
tion  of  epoxy  resin  and  tetrafunctional  aromatic  diamine  are  highly 
crosslinked;  for  example  the  DER  331/TMAB  system  gives  a  of  167°C.  In 

contrast,  cure  of  epoxy  resins  through  homopolymerization  usually  give  rise  to 
more  loosely  crosslinked  epoxy  networks  with  low  values  of  et9°°;  for  example' 
ETg.  -  1  00°C  for  a  (5  phr)  piperidine  cured  DGEBA-type  epoxy  system  (5, 34). 
Therefore,  the  large  decrease  of  ETg<»  for  the  DTAxl6  system  may  reflect  the 
extent  of  homopolymerization  rather  than  the  amount  of  dissolved  rubber.  To 
isolate  the  influence  of  homopolymerization  on  ETg«  in  the  absence  of  rubber, 
the  values  of  ETg<>>  versus  Tcure  for  a  formulation  of  DER  331/TMAB/0. 76  phr  of 
AEP  were  obtained  (AEP  supplied  by  Aldrich  Chemical  Co.).  In  the  formulation, 
the  NH  contribution  from  the  AEP  was  made  equivalent  to  the  NH  contribution 
from  the  commercial  ATBN  rubber  (including  its  residual  AEP)  in  the  DTAxl6 
system.  The  values  of  E^g*0  f or  the  DER  331/TMAB/AEP  formulation  obtained  by 
TBA  experiments  are  presented  in  Figure  19,  in  which  the  data  for  the  DTAxl6 
and  neat  systems  are  included  for  comparison.  As  for  the  DTAxl6  system, 
values  of  £Tg<»  for  the  DER  331/TMAB/AEP  formulation  were  also  found  to  be 
dependent  on  T^^,  and  ranged  from  1378C  when  cured  at  100°C  to  161°C  when 
cured  at  2008C.  At  low  Tcure>  the  reactivity  of  TMAB  is  low  and  so  signifi¬ 
cant  amounts  of  DER  331  epoxy  could  have  homopolymerized  before  reacting  with 


TMAB  to  give  rise  to  a  low  ETg00.  At  high  Tcure,  TMAB  is  more  reactive  and 
therefore  the  one-to-one  reaction  of  epoxy  with  amine  hydrogen  would  be 
expected  to  occur  more  competitively.  A  consequence  of  homopolymerization  of 
epoxy  in  the  DTAxl6  system  is  the  exclusion  of  amine  hydrogen  of  TMAB  from 
reaction,  which  will  have  deleterious  effects  on  the  physical  properties. 

It  could  be  argued  that  the  variation  of  ETgoo  with  Tcure  for  the  DTAxl6 
system  is  caused  by  vaporization  of  AEP  from  the  TBA  specimens  which  increases 
with  increasing  temperature.  However,  values  of  ETgeo  obtained  from  spe¬ 
cimens  (16),  which  had  been  machined  from  the  large  casting  prepared  in  a 
sealed  mold,  were  the  same  as  those  obtained  from  the  TBA  experiments.  This 
suggests  that  the  dependence  of  ETg00  on  Tcure  for  the  DTAxl6  system  results 
from  the  competing  reactions  during  cure.  A  study  of  a  DGEBA-type  epoxy  resin 
cured  with  a  stoichiometric  amount  of  AEP  also  concluded  that  the  cure  mecha¬ 
nism  varied  with  cure  conditions  (35). 

TEM  micrographs  of  the  100  and  200°C  cured  specimens  (Figure  18)  show 
that  the  boundaries  of  the  dispersed  phase  of  the  DTAxl6  specimens  were  not  as 
well-defined  as  those  in  the  DTK-293  specimens.  Similar  results  have  also 
been  reported  elsewhere  (36).  The  values  of  the  volume  fractions  (Vf)  of 
dispersed  phase  for  the  two  specimens  determined  by  both  Schwartz -Saltykov's 
diameter  (22)  and  Spektor's  chord  (22)  methods  were  similar  (Table  III);  the 
value  of  Vf  for  the  100°C  cured  specimen  (Vf  -  0.34)  was  much  higher  than  that 
for  the  200°C  cured  specimen  (Vf  ~  0.15).  Both  methods  revealed  that  the  two 
specimens  displayed  a  unimodal  distribution  of  particle  size;  and  that  the 
200°C  cured  specimen  has  a  higher  percentage  of  smaller  particles  but  a  wider 


range  of  particle  sizes.  The  size  distributions  of  the  two  specimens  obtained 
by  using  Schwartz-Saltykov’s  diameter  method  are  shown  in  Figure  20.  The 
apparent  differences  of  the  values  of  mean  diameter  (d)  of  the  particles  for 
the  200°C  cured  specimen  determined  by  the  two  methods  (Table  III)  may  be  a 
consequence  of  the  underestimation  of  the  percentage  of  smaller  particles  in 
this  specimen  when  using  the  Spektor's  method  (as  discussed  previously  for  the 
DTK-293  200°C  cured  specimen). 

The  high  volume  fraction  of  dispersed  phase  for  the  100°C  specimen  (Vf  «• 
0.34)  indicates  that  a  large  amount  of  epoxy  was  present  in  the  dispersed 
phase  since  the  initial  volume  fraction  of  rubber  added  was  approximately 
0.11.  This  is  probably  a  result  of  initiation  of  epoxy  homopolymerization  by 
the  rubber.  The  100°C  cured  specimen  is  a  translucent  casting  whereas  the 
200°C  cured  specimen  is  an  opaque  solid  resembling  the  rubber-modified  DTK-293 
specimens.  The  translucency  is  also  probably  a  consequence  of  the  large 
imount  of  epoxy  in  the  dispersed  phase  for  the  100°C  cured  specimen,  the 
inclusions  having  a  refractive  index  not  very  different  from  the  surrounding 
»poxy  matrix.  Since  the  increasing  relative  amounts  of  epoxy  in  the  domains 
.s  not  accompanied  by  an  increase  in  the  temperature  of  RTg  (Figure  16),  epoxy 
:.nd  rubber  are  not  in  solution  in  the  domains.  An  SEM  micrograph  of  the  frac- 
ure  surfaces  for  the  100eC  cured  specimen  (Figure  21)  shows  a  characteristic 
texture  inside  the  boundaries  of  the  domains.  In  contrast,  SEM  micrographs  of 
the  fracture  surfaceds  for  the  200°C  cured  specimen  and  the  DTK-293  (100  and 
200®C)  specimens  (16),  as  well  as  for  other  similar  rubber-modified  epoxy  spe¬ 
cimens  (.6/0 ,  generally  show  "holes"  for  the  sites  of  the  dispersed  phase  (7). 


CONCLUSIONS 


The  effect  of  cure  conditions  on  the  transitions  and  morphology  for  two 
rubber-modified  epoxy  systems  has  been  investigated  using  torsional  braid  ana¬ 
lysis  (TBA),  light  transmission,  and  electron  microscopy.  Time-temperature- 
transformation  (TTT)  isothermal  cure  diagrams  and  plots  of  the  subsequent 
glass  transition  temperatures  versus  the  temperatures  of  cure  were  used  as  a 
basis  for  comparing  the  cure  behavior  and  structure-property  relationships  for 
the  neat  and  the  two  rubber-modified  systems.  During  cure,  most  of  the  rubber 
phase-separated  well  before  gelation.  Of  the  two  rubber-modified  systems,  the 
volume  fraction  of  the  dispersed  phase  and  the  values  of  the  maximum  glass 
transition  temperatures  ( E^g" )  for  th«  amino-terminated  rubber-modified 
system  were  found  to  be  more  se  tive  to  cure  conditions  than  was  the 
prereacted  carboxyl-terminated  rubber-modified  system.  The  values  of  ETg«  for 
the  systems  were  in  the  order:  neat  (167°C)  >  prereacted  carboxyl-terminated 
(161  to  163*0  >  amino-terminated  (125  to  148°C).  Unlike  the  amino-terminated 
rubber-modified  system,  the  chemistry  of  cure  for  the  prereacted  carboxyl- 
terminated  rubber-modified  and  neat  systems  is  essentially  the  same  which 
accounts  for  the  similarity  of  the  reaction  kinetics  as  measured  by  the  times 
to  gelation  and  the  activation  energies  of  gelation.  The  relatively  small 
decrease  of  sTg*  for  the  prereacted  carboxyl-terminated  rubber-modified  system 
was  attributed  to  dissolved  rubber.  In  contrast,  dissolved  rubber  cannot 
account  for  the  large  decrease  of  ETgoe  for  ^  amino-terminated  rubber- 


modified  system,  which  also  has  the  highest  volume  fraction  of  dispersed 


phase.  The  anomaly  for  the  amino-terminated  rubber-modified  system  was  attri 
buted  to  the  complexity  of  the  cure  chemistry  which  was  introduced  by  using 
the  rubber. 
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TABLE  CAPTIONS 


Chemical  Formulations  of  the  Neat,  DTK-293  and  DTAxl6  Systems. 

Glass  Transition  Temperatures  Versus  Tcure  for  the  Neat,  DTK-293  and 
DTAxl6  Systems. 

Effect  of  Cure  Conditions  on  Morphology  for  the  DTK-293  and  DTAxl6 


Systems 


FIGURE  CAPTIONS 


Chemical  Structures  of  the  Reactants. 

Representative  TBA  Isothermal  Cure  Spectra  for  the  Neat  System  (DER 
331/IMA3):  Relative  Rigidity  (a)  and  Logarithmic  Decrement  (b)  vs. 
Time. 

TTT  Isothermal  Cure  Diagram  for  the  Neat  System  (DER  331/1MAB): 

(+)  gelation;  (o)  vitrification. 

Representative  TBA  Thermomechanical  Spectra  after  Isothermal  Cure  for 
the  Neat  System  (DER  331/TMAB):  Relative  Rigidity  (a)  and  Logarithmic 
Decrement  (b)  vs.  Temperature. 

ETg*  ETg®'  ETsec  and  ETsec®  vs.  Tcure  for  the  Neat  System  (DER 
331/TMAB) j 

(0)  ETg''  <  +  >  ETg«»  ETsec>  E^sec® • 

Representative  TBA  Isothermal  Cure  Spectra  for  the  Rubber-modified 
DTK-293  System;  Relative  Rigidity  (a)  and  Logarithmic  Decrement  (b)  vs 
Time. 

TTT  Isothermal  Cure  Diagram  (Rubber-Modified  DTK-293  System  vs.  Neat 
System):  (0)  gelation  (DTK-293);  (*)  vitrification  (DTK-293);  (+)  gela 
tion  (neat);  (o)  vitrification  (neat). 

TTT  Isothermal  Cure  Diagram  Including  Phase-Separation  for  the 
Rubber-Modified  DTK-293  System:  (□)  gelation;  (*)  vitrification;  (+) 


cloud  point;  (A)  90%  decrease  of  light  intensity;  (  )  end  of  phase- 
separation. 

Representative  TBA  Thermomechanical  Spectra  after  Isothermal  Cure  for 
the  Rubber-Modified  DTK-293  System:  Relative  Rigidity  (a)  and 
Logarithmic  Decrement  (b)  vs.  Temperature. 

ETg  and  ETg«  vs*  Tcure  (Rubber-Modified  DTK-293  System  and  Neat  System) 
(*)  ETg  (DTK-293);  (O)  (DTK-293);  (O)  ETg  (Neat);  ($)  gTg*  (Neat) 

TEM  Micrographs  for  Cured  Rubber-Modified  DTK-293  Specimens:  a)  Tcure 
*  100°C,  b)  Tcure  -  200°C. 

Size  Distributions  of  the  Rubber-Modified  DTK-293  100  and  200®C 
Cured  Specimens  from  Analysis  of  TEM  Micrographs  using  Schwaretz- 
Saltykov's  Diameter  Method. 

Representative  TBA  Isothermal  Cure  Spectra  for  the  Rubber-Modified 
DTAxl6  System:  Relative  Rigidity  (a)  and  Logarithmic  Decrement  (b)  vs. 
Time. 

TTT  Isothermal  Cure  Diagram  (Rubber-Modified  DTAxl6  System  vs.  Neat 
System):  (□)  gelation  (DTAxl6);  (*)  vitrification  (DTAxl6);  (+)  gela¬ 

tion  (neat);  (o)  vitrification  (neat). 

TTT  Isothermal  Cure  Diagram  Including  Phase-Separation  for  the  Rubber- 
Modified  DTAxl6  System:  (O)  gelation;  (*)  vitrification;  (+)  cloud 
point;  (A)  90%  decrease  of  light  intensity;  ($)  end  of  phase-separa- 


Representative  TBA  Thermomechanical  Spectra  after  Isothermal  Cure  for  the 
Rubber-Modified  DTAxl6  System:  Relative  Rigidity  (a)  and  Logarithmic 
Decrement  (b)  vs.  Temperature. 

ETg  and  ETgS  vs.  Tcure  (Rubber-Modified  DTAxl6  System  and  Neat  System): 
(*)  ETg  (DTAxl6) ;  (O)  ETg.  (DTAxl6);  (O)  ETg  (neat)»  (0)  ETg»  (Neat). 

TEM  Micrographs  for  Cured  Rubber-Modified  DTAx16  Specimens:  a)  Tcure  « 
100«C,  b)  Tcure  -  200°C. 

ETgM  vs.  Tcure  (DER  331/TMAB/AEP,  Rubber-Modified  DTAxl6  System  and  Neat 
System):  (^)  neat;  (o)  DER  331/TMAB/AEP;  (Q)  DTAxl6 

Size  Distributions  of  the  Rubber-Modified  DTAx16  100  and  200°C  Cured 
Specimens  from  Analysis  of  TEM  Micrographs  using  Schwartz-Saltykov’s 
Diamete  Method. 

SEM  Micrograph  of  a  100°C  Cured  Rubber-Modified  DTAxl6  Specimen. 

(Fracture  Temperature  ■  -20°C). 


TABLE  I.  Chemical  Formulations  of  the  Neat,  and  the  Rubber-Modified 
OTK-293  and  DTAxl6  Systems. 


Neat  DTK-293  DTAxl6 


DER  331 

100.0 

100.0 

100.0 

TMAB 

41.0 

51.0 

39.9 

K-293 

- 

42.0 

- 

ATBNxl6 

_ 

_ 

15.0 

The  basis  for  the  formulations  is  as  follows: 

a)  Neat  System  (no  rubber):  1  epoxy/1  amine  hydrogen 

b)  Rubber-Modified  Systems:  i)  15  phr  of  rubber  based  on 
100  phr  of  unreacted  epoxy;  ii)  1  free  epoxy/1  amine 
hydrogen:  assuming  all  epoxy  end  groups  in  DTK-293 
(from  the  rubber-containing  chains  and  the  DGEBA  resin) 
and  in  DER  331  react  with  TKAB;  and  assuming  all  NH  in 
ATBN  rubber  (including  NH  in  AEP )  and  TEM  react  with 
epoxy. 

The  initial  volume  fractions  of  rubber  (VQ)  in  the  two 

rubber-modified  formulations  are  about  the  same  (VQ  ~  0.11). 


TABLE  II. 

Neat 

Glass 

Cure 

Transition 

Temperature 

DTK 

Temperatures 
(TBA  Data) 

-293 

Versus 

DTAxI 

ETg 

ETg® 

ETg 

ETg« 

ETg 

(HZ) 

(Hz) 

(Hz) 

(Hz) 

(Hz ) 

124 

166 

122 

163 
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TABLE  III.  Effect  of  Cure  Conditions  on  Morphology 
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Cure  Conditions 

DTK-293 

DTAxl6 

Tcure/Time  (hr) 

d(  \im) 

Vf 

Vf* 

d(  vim) 

Vf 

Vf* 

100°C  /  40 

0.6 

0.1 1 

0.13 

3.1 

0.34 

0 

+1 70°C  /  5 

(0.6) 

(0.11) 

(2.7) 

(0.38) 

200°C  /  3 

1.5 

(2.9) 

0.13 

(0.14) 

0.13 

1.8 

(2.7) 

0.15 

(0.17) 

0.08 

d  »  mean  diameter  of  particles  determined  by  Schwartz-Saltykov's 
diameter  method  (Spektor's  chord  method  in  brackets) 

Vf  *  volume  fraction  of  dispersed  phase  determined  by  Schwartz- 
Saltykov's  diameter  method  (Spektor's  chord  method  in 
brackets) 

Vf*  *  volume  fraction  of  dispersed  phase  determined  using  the 
Fox  equation  (see  text) 
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NEAT  SYSTEM 


EPOXY:  Dicjlcidyl  Ether  of  Biephenol  A  (DER  331) 


AMINE:  Tr  imethylene  Glycol  Di-p-ami nobenzoate  (TMAB) 
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REACTIVE  LIQUID  RUBBER 


i)  Prereacted  Carboxyl  "•Terminated  Copolymer  of  Butadiene 
and  Acrylonitrile  (AN  content  of  rubber  *  17  X)  (K**293) 
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ii)  Amino-Terminated  Copolymer  of  Butadiene  and  Acrylonitrile 
(AN  content  s  17  X)  (ATBNxl6) 
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Figure  1 


2HC 


Tcure  (C) 


v  v  V  V 

L '  *  *  •  «  "  » 


’  V  *  *  »  '  V  *.  V 


Figure  5 
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Figure  16 


jjTg^  after  postcure  (Neat) 
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Figure  17 
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